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Introduction 

During ihe past 10 vears, cell cycle research has led to 
exciting discoveries. In the 1980's, the vast array of 
mutants in budding yeast and fission yeast, blocked at 
various points in the cell cycle, were ripe for exploitation 
by molecular techniques. Complementation with wild 
type DNA restored normal growth and led to the sub- 
sequent identification of the defective cell division cycle 
(cdc) gene(s). In particular, cdc2 in fission yeast was 
found to be essential for two check-points in the cell 
cycle, one in late G2 and the other in late GI (Nurse 
1990, Hayles and Nurse 1993). cdc2 Encodes a 34 kDa 
threonine/serine protein kinase. In order to exhibit kinase 
activity, p34*^^ must bind to another protein, cyclin B 
(encoded by cdclJ in fission yeast, Solomon et al. [1988] 
commenting on Booher and Beach 1988) to form matura- 
tion promotion factor (MPF; Gautier et al. 1990, Parker et 
al. 1991). In fission yeast, phosphorylation of p34^*2 at 
Thrl67 is also essential prior to binding to cyclin B; 
without MPF mitosis does not occur (Krek and Nigg 
1991). Homologues to fission yeast p34''^^ have now 
been isolated from a range of unrelated organisms, in- 
cluding humans and higher plants (Ue and Nurse 1987, 
John et al. 1989, Elledge and Spotswood 1991). 

Characterisation of the cyclin subunit of MPF came 
through independent biochemical and genetic analyses of 
the same protein/gene in different organisms. In fission 
yeast, cyclin B is a 56 kDa protein which is analogous to 
the 45 kDa subunit (cyclin B) of MPF in Xenopus\ the 
other subunit is a 34 kDa protein which cross-reacts with 
a strongly conserved peptide of p34 (Labb6 et al. 1989). 
Subsequently, numerous other papers have demonstrated 
the universality of MPF in various unrelated organisms, 
e.g. yeasts, Xenopus, Drosophila, gold-fish, man (Lee 
and Nurse 1987, Edgar and OTarrell 1989, Richardson et 
al. 1990, Yamashita et al, 1992). MPF is at the bottom of 
a regulatory cascade involving numerous interacting pro- 
teins, many of which are protein kinases. 

The transition between G2 and mitosis is best under- 
stood in fission yeast where a set of well-defined genes 
function (see Nurse 1990). Two independent regulatory 
pathways act as switch-on/switch-off mechanisms for 
p34«*^ kinase activity. These are: 

niml (+) -> wee I (-) cdc2 
cdc25(+) cdc2 

Wee! encodes a protein kinase (pl07*«') which phospho- 
rylates p34^*^' (off signal) while niml probably encodes a 
protein kinase which phosphorylates and inactivates 
sveel. cdc25 Encodes a phosphatase (pSO''*^-') which de- 
phosphorylates p34'^'*^^^ (on signal; Kumagai and Dunphy 
1991), 

Mutants of fission yeast which over-express wee J ex- 
hibit a larger-than-wild-type phenotype, whereas those 
that over-express cdc25 or niml exhibit a smaller-than- 
wild-type phenotype; the former delays entry of cells into 



divisi >n and, hence, they grow larger, whereas the latter 
dividi prematurely (Russell and Nurse 1986, 1987a, b). In 
effect, the two pathways regulate cell size at division. A 
human homologue of weel exists which phosphorylates 
cdc2 exclusively on Tyr 15 (McGowan and Russell 1 993), 
whereas a miki protein kinase can act interchangeably 
with pi 07 (Lundgren et al. 1991). Also, homologues to 
cdc25 exist in a range of unrelated organisms including 
Drosophila (string) (Edgar and OTarrell 1990) and hu- 
mans (twine) (Strausfeld et al. 1991, Alphey et al. 1992). 

What of the plant cell cycle? The application of mo- 
lecular techniques to the plant cell cycle followed soon 
after the land-mark discoveries that homologues exist to 
cdc2 in a range of unrelated organisms. The aim of this 
paper is to review the recently discovered plant cell 
division cycle genes and to provide a follow-on from 
earlier reviews of the plant cell cycle (see, for example, 
Davidson 1991, Francis 1992, Jacobs 1992). We shall 
examine plant cdc genes in relation to the proteins they 
encode, the proteins* catalytic or functional activity, and 
importantly, what we think the link is between them and 
plant development. The underlying conurols which regu- 
late the planes of cell division are central to deciphering 
the relationship between cell division and plant develop- 
ment. Hence, we also review progress in this important 
area. Nuclear DNA replication is excluded; the reader is 
referred to a recent detailed account of the regulation of 
S-phase in higher plants (Aves and Bryant 1993). 

Abbreviar ns - MAR microtubule associated protein; MAP 
kinase, mitogen activated protein kinase; MPF, maturation pro- 
motion factor; ppb, preprophase band. 

Isolation of plant homologues to cdc genes 
cdc2 

As the network of interacting genes and proteins regu- 
lating the yeast cell cycle started to become clear, and 
homologues of some of the genes were identified in 
animals, plant molecular and cell biologists began to ask 
whether a similar system existed in plants. The fascinat- 
ing answer to this question has far-reaching conse- 
quences because manipulation of such a system by ge- 
netic transformation could shed new light on the role of 
cell division in the control of plant development. The 
strategy adopted by many workers has been to isolate 
plant homologues of specific yeast cdc genes or to iden- 
tify their gene products; this was first achieved im- 
munologically wiih cdc2. 

The first evidence that a p34*'*^^ homologue is present 
in plant cells was obtained by John et al. 0989) using 
three antibodies. The first was raised v ihe L- jV peptide 
(subsequently referred to as the PSTAiR' . peptide) ^v»th 
the sequence: Glu Gly Fro Ser Thr Ala \lr Ai ^ Glu He Ser 
Leu Leu Lys Glu. This sequence is present m the fission 
yeast p34«^'^- from amino acids Glu*^ to Glu^^ and is 
absolutely conserved in all the functional homologies 
sequenced so far. The other antibodies were raised to a 
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fusion protein containing the carboxy-ierminal region of 
human p34^c*2 and to whole p34^*2 from fission yeast. A 
34 IcDa protein was recognised by these antibodies in 
Chlamydomonm, Avena and Arabidopsis, In contrast to 
yeast, the level of Chlamydomonas p34 varies, although 
both are phosphoiylated in a cell cycle-dependent manner 
(Johnetal. 1989). 

A monoclonal antibody raised against fission yeast p34 
was also used to detect several related proteins in a range 
of higher plant species, together with a C£/c2-related PCR 
product enccMling 60% of the pea cdc2 homologue (Feiler 
and Jacobs 1990). cdc2 Homologues have since been 
isolated Uoxn A rabidopsis (Ferreira et al. 1991). Zea mays 
(Colasanti et al. \m\ Medicago sativa (alfalfa) (Hirt et 
al. 1991 ). F^tunia (Bergounioux et al. 1992) and Glycine 
max (Miao el al. 1993). Despite the evolutionary^ di- 
vergence or these species, an alignment of their se- 
quences shckws an extraordinary degree of conservation 
(Fig. I); a plot of their relative similarities, and their 
similarities with yeast and animal homologues, is shown 
in Fig. 2. 

Compareci with Hssion yeast, a higher level of com- 
plexity in h^man and Xenopus cells exists through the 
presence of «wo classes of cdc2 homologue (Elledge and 
Spots wood 199 I, Fang and Newport 1991). One func- 
tions at the C2-M transition and the other at the Gl-S 
transition {(TDfC^ in humans. Eg! in Xenopus) which 



suggests that the GI-S and G2-M transitions are con- 
mjlled by different cdc2 proteins in all higher eukaryotes 
However, the data from plants on this issue 
conclusive. Alfalfa contains two cdc2-ut\aitd genes boA 

w V 2>^ompIement$ the QLU but not the Gl-S 

r ,Sr°i. '".* ^ hereas the other 

alfalfab) complements the Gl-S but not the G2-M block 
(Htrt et al. 1993). Hence, this would appear to mirror^e 
situation .n human cells and Xenopus. However, analysis 
ot the pnmary sequence data shows that the alfalfab 
sequence .s more closely related to other plant homo- 

rSTr "^"p^'^f '"an 
to CDK2 or Eg/. Furthermore, only one cdc2 gene has 

been isolated from pea and one from Arabidopsis; they 

are reported to be single copy rFeiler and Jacobs 1990 

Ferreira et al. 1991). The situation is complicated furtS 

by he presence of VrfrMike" genes in .hese species 

Sf"ioi,TTi'^°''' "'■"y»'"=»"a' 1991. ImaMuet 
al. 1992). These are undoubtedly related to cdc2 but thev 
lack a conser>ed PSTAIRE motif and fail to complement 
cdc2 mutants of fission yeast (see Fig 3) 

Cell division in higher plants occurs" in a multicellular 
environment with inevitable cell-cell interactions and cel- 
lular speciahsations. Hence, we may expect greater levels 
of complexity ,n the organisation and regulation of plant 
rdc2 homologues over and above that seen in yeasts and 
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Fig. 2. Tree diagram generated from a PILEUP alignment of 
sequences of homologues of cdc2 from human (Lee and Nurse 
1987, Elledge and Spotswood 1991 lcdk2]l Xenopus (Pickham 
el al. 1992, Paris el al. 1991 lEg/]), Drosophila (Jimenez et al. 
1 990. Lehner and O' Farrell 1 990), maize (Colasanti et al 1 99 1 ) 
alfalfa (Hirt et al. 1991, 1993) pea (Feiler and Jacobs 1991)! 
soybean (Miao et al. 1993), petunia (Bergounioux el al. 1992), 
Arabidopsis (Ferreira el al. 1991), Schizosaccharomxces pombe 
(Hindley and Phear 1984) and Saccharomxces cerevisiae 
(Uirincz and Reed 1984). 



unicellular plants such as Chlamydomonas, One example 
of this is the variation in expression levels of cdc2 be- 
tween different plant organs. cdc2 Transcripts in Arabi- 
dopsis show ihe highest levels of accumulation in leaf 
primordia, ihe vegetative shoot meristem, the basal re- 
gions of developing llower organs, the pericycle and the 
root lip meristem, i.e. areas with greater frequencies of, or 
potential for, cell division (Martinez et al. 1992). Simi- 
larly, in maize. p34'^'*'- is localised in meristematic zones 
such as the root apex (Colasanti et al. 1993). In soybean, 
expression of the different cdc2 genes is differentially 
regulated. One is expressed more highly in roots and root 
nodules, and its expression is increased in response to 
Rhizobiion infection. The other is more highly expressed 
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in aerial tissues and does not respond to Rhizobium in 
fection (Miao et al. 1993). 

Cycllns 

Cyclins are the second component of M-phase kinase 
They were first identified in invertebrates as a result of 
iheir periodic accumulation during the cell cycle and 
rapid degradation at the end of mitosis (Evans et al 
1983), There are three distinct classes, based on primary 
sequence comparisons and expression patterns. These are 
termed cyclin A, cyclin B and Gl cyclins. The first to be 
sequenced was a cyclin A from clam; it is involved in the 
G2-M transition and can promote entry into meiosis 
when micro-injected into Xenopus oocytes (Swenson et 
al. 1986). Homologues have since been isolated from 
several species, including Xenopus (Minshull et al. 1989) 
and man (Wang et al. 1990). Cyclin B has been isolated 
from Xenopus (Minshull et a!. 1990), man (Pines and 
Hunter 1989), clam (Westendorf et al. 1989) and fission 
yeast (Booher and Beach 1988, Hagan et al. 1988). It also 
promotes maturation of Xenopus oocytes (Solomon et al 
1990). Cyclins A and B show slightly different patterns 
of accumulation and degradation in the cell cycle (Min- 
shull et al. 1990), but functional differences have yet to 
be fully established. Both are destroyed at the end of 
mitosis resulting in the loss of p34'*2 kinase activity 
(Murray et al. 1989). The Gl cyclins, such as the CLNs 
from Saccharomyces cerevisiae, are required for the 
Gl-S phase transition (Hadwiger et al. 1989). Nasmyth 
and Hunt (1993) describe the oscillation of cyclins 
throughout interphase as a series of dams and sluices 
which regulate the cell through a multitude of check- 
points. 

In plants, cyclins are generally less well conserved 
thaii cdc2 homologues, but there is sufficient sequence 
similarity for a number of plant homologues to have been 
cloned using degenerate oligonucleotides as probes, or 
using PCR primers. Hata et al. (1991) isolated a carrot 
cyclin and two soybean cyclins by probing cDNTA li- 
braries with degenerate oligonucleotides. As in other sys- 
tems, they are expressed at much higher levels in dividing 
tissues such as carrot cells undergoing somatic embryo- 
genesis, or developing soybean leaves and roots, than in 
non-dividing tissues such as the intemodes of stems 
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(Hata el al. 1991). Hemerly el al. (1992) used degeneraie 
oligonucleotides to amplify a cyclin sequence from Ara- 
bidopsis. Again, its mRNA accumulated in actively di- 
viding tissues but was undetectable following ireaimenl 
wilh hydroxyurea or colchicine which block S and M 
phases, respectively. Finally, Hin el al. (1992) isolated 
from alfalfa two cyclin sequences whose expression was 
cell cycle-dependent. 

Whether or not plant cyclins belong to class A, B or to 
the CLN cyclins is unclear. The conserved regions of the 
plant cyclins are aligned with clam A- and B-type cyclins 
in Rg, 4, and a similarity plot of the cyclin family is 
shown in Fjg. 5. The carrot cyclin is a little more similar 
to class A cyclins than to the others, but has some class B 
characrterisiics. Conversely, the two soybean cyclins, the 
Arabiatopsis cyclin and one of ihe alfalfa cyclins are 
closer to tlie B class, but have .some A-class characteris- 
tics. THe second alfalfa homologue cannot be classified at 
all on the basis of its sequence data. 



Other plant cdcsl 

To dale, full length plant homologues to genes which 
regulate cdc2 (e.g. cdc25, weel and niml) have yet to be 
isolated. Why the failures? These genes, and their gene 
products, are typically expressed at transient points in the 
cell cycle. For example, in fission yeast, pSO^^j 
transiently in late G2 while the level of p34 remains fairly 
constant (Russell and Nurse 1986). In Drosophila, string 
was identified from a system exhibiting 100% synchrony 
of nuclear division in a coenocytic stage of development 
(Edgar and OTarrell 1989); this system was probably 
enriched for pSO. Plant meristems, which have served 
well for the isolation of plant homologues to cdc2, typ- 
ically comprise asynchronous populations of cells and, 
hence, the levels of mRNA transcribed from these regu- 
latory genes are probably very low. 

Although cdc2 and cyclin homologues exist in a range 
of unrelated plant species much needs to be leamt about 
the regulation of these genes and how they function 
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need lo know is ihe underlying mechanism(s) which 
regulate the positioning of ppbs. 

Plant cells with their unique structures may well house 
a substrate! s) for p34 kinase which is different from that 
in animal cells. Hence, it becomes useful to know about 
proteins that are associated with p34 and which are 
known to be functional during the transition from G2 to 
mitosis, particularly those involved with, or bound to, 
mitotic microtubules. One such group of proteins is the 
microtubule-associated proteins (MAPs) and another, is 
the mitogen-activated protein kinases (MAP kinases) 
which play a variety of roles in signal transduction but 
can also phosphorylate MAPs. In Xenopus, injection of 
MPF stimulates MAP kinase, probably as an up-stream 
activator of p34 kinase (Gotoh et al. 1991). Given the 
phosphorylation cascade which drives cells through the 
various check-points of the cell cycle, protein kinases 
associated with the mitotic microtubules are of special 
interest. While cdc2 is turned off by phosphorylation on 
Tyr-15, MAP kinase is turneJ i n by phosphorylation 
(Payne et al. 1991); Hunt ( 1991) suggested that the latter 
phosphorylation occurs at a tyrosine residue analogous in 
position to Thr 161 of p34. If so, this would be remarkably 
similar to the phosphorylation of this residue in p34 prior 
to binding with cyclin B. A plant homologue to MAP 
kinases has been isolated from alfalfa. A cDNA clone 
showed 52% identity to rat ERKI, but also homology lo 
the different homologues of the fission yeast cdc2 kinase 
(30-40%); MAP kinases are part of a superfamily of cdc2 
kinases (Jonak et al. 1993). These authors suggest that the 
plant MAP kinase may be involved in responses to plant 
growth regulators in the way that animal MAP kinases 
participate in signal transduction pathways. Similarly, a 
full-length cDNA clone encoding a MAP kinase has also 
been isolated from alfalfa (Duerr et al. 1993). This MAP 
kinase, christened MsERKl and recognised by antibodies 
against MAP kinases from three animal sources, may 
have a role in mitogenic induction in symbiotic root 
nodules of alfalfa (Duenr et al. 1993). 

Cell size 

During vegetative growth, pattern formation manifests 
itself as an iterative program in which leaves and axillary 
buds develop above-ground and roots below-ground. Cell 
division is an essential component of the program. For 
example, cell division occurs in shoot meristems so that 
new cells are invested into leaf primordia when the apex 
becomes partitioned at the end of a plastochron. Thus, 
new cells are the units for subsequent differentiated form 
and the cell cycle is the 'cell factory', but does it simply 
manufacture identical units which are shaped and pat- 
terned elsewhere? It would follow that meristems com- 
prise homogenous populations of cells. However, this is 
far from being true. Characteristic features of meristems 
is the mosaic of cells it contains, the heterogeneity of cell 
cycles and the variable cell sizes therein. In the root 
meristem, this heterogeneity is reflected in a number of 



tissue systems: sielar, conical and epidermal, all of which 
arise from apical initials. Not only is there a hetero- 
geneity because of tissue differences but also cells get 
larger with increasing distance from the apex (Barlow 
1971). Indeed, Bariow (1971) concluded that changes in 
cell size have an important bearing on the regulation of 
cell division and differentiation. According to this model* 
cell growth in more basal cells outpaces the synthetic 
rates necessary for division. However, increases in cell 
size do not occur randomly but are tightly regulated as 
cells are displaced from the meristem within a tissue 
domain (Barlow 1971, John et al. 1993). 

Hunt ( 1 99 1 ) regarded a regular sequence of cell growth 
and division (Curtis 1983) as an ideal definition of the 
cell cycle. John et al. ( 1 993) noted that the attainment of a 
minimum critical cell size is an essential determinant for 
cell division with the major check-points occuning in late 
Gl (start) and late G2 (see above). While not wishing to 
deny the importance of cdc2 and its positive and negative 
regulators, the cell growth cycle is probably regulated at 
many steps during interphase so that multiple check- 
points ensure that the cell divides normally. In other 
words, cell size is constantly monitored. John et al. 
(1993) in commenting on the localisation of p34 in rela^ 
tion to cell size at division, drew two highly pertinent 
conclusions. First, the cell cycle stabilises cell size. 
Second, size at division is altered as cells are displaced to 
the periphery of the meristem even though the size of the 
initials of different cell types (tissues) are different. Bar- 
low's (1971) model is also highly relevant here. Cell size 
at division varies from tissue to tissue but the program- 
ming of cells for differentiation is set when the cells are 
meristematic. This concurs with an idea of Van't Hofs 
(1973) that cells are programmed to differentiate whilst 
meristematic. In other words, on a tissue-specific basis, a 
minimum size control regulates cell size at division and 
probably regulates at which point (or size) a cell goes out 
of cycle once displaced from the meristematic domain. 

Various observations all point to a cell size control 
being an important component of the control of differen- 
tiation in higher plants. So, it seems that the cell cycle is 
not only the mechanism which produces cells but, 
through its major check-points, can regulate cell size at 
division and, hence, can impose a size control for dif- 
ferentiated cells in different tissues. We tested this model 
by deliberately perturbing cell size. Tobacco plants were 
transformed with fission yeast cdc25 under the control of 
the CaMV 35S gene promoter. The transgenic plonls 
showed clear evidence of expression of the fission yeast 
gene and exhibited various perturbations of their de- 
velopment compt^red with the wild type. The plants 
showeo lockc.ifi^- in the leaves, precocious flowering, 
more fl >w r. p^r flowering head and petalless flowers 
alongside nomal ones (Bell et al. 1993). To date, our 
analyses ha\e shown that cells within the meristern of 
secondary roots are smaller at birth in the 35S-cdc:25 
plants compared with the wild-type and it is probable tfiat 
each of these abnormal phenoiypes occur at least partly 
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because of perturbation of cell size at division in pantcu- 
lar tissue systems. For example, in one of the few studies 
on the pattern of cell division during floral morphogene- 
sis, rates of division fluctuated from slower to faster to 
slower during successive whorl formation (Lyndon and 
Cunninghame 1987), Petalless aberrant flowers in the 
c Jc25-iransgenic tobacco plants may have arisen because 
the normal timing of cell division, oscillating between 
slower and faster cell cycles, was disrupted by cdc25 
causing cells to divide prematurely. !n other words, the 
perturbation may have specifically altered the timing of 
cell division in different floral domains so that the aber- 
rant flowers lacked the petal whorL Why only one whorl 
was affected in this way is unknown. In ArahiJopsis, a 
gene which regulates floral merislem structure, CLA- 
VATAI, may do so by regulating cell division patterns 
(Clark ct al. 1993). It should prove fascinating to discover 
the extent to which this gene, classified by Weigel and 
Meyerowitz (1993) as cadastral, and the genetic hierar- 
chy of meristem identity genes and homoetic genes, inter- 
act with regulatory cdc genes during floral morphogene- 
sis. 



Conclusions 

( 1) Searching for plant homologues to yeast cdc genes is 
of course essential. Equally clear is that their isolation 
will not provide the whole story. 

(2) Although it is now established that in animal cells 
different cdc2 genes regulate the G 1 to S phase and G2 to 
M u-ansitions, the situation in plants remains unclear. The 
assumption that a similar system operates in both plant 
and animal cells may prove incorrect. This may, in part, 
reflect different types of control on cell division in plants 
and animals. 

(3) Clearly, there are structural differences between mito- 
sis in animals and higher plants, with centrioles present in 
the former but absent in the latter. Moreover, whereas 
p34 can bind to mitotic microtubules and centrioles of 
animals cells (Bailly et al. 1989), it binds to preprophase 
bands (ppb) in plant cells (although not exclusively; Mi- 
neyukietal. 1991,Colasanti et al. 1993, Johnetal. 1993). 
These differences suggest that al the G2-M transition, 
either p34 has different natural substrates in plants and 
animals or the substrates are the same but have different 
cellular locations. Hence, it is not too surprising to dis- 
cover differences between cdc2s in plants and animals 
although, the modes of action of the cdc2s and the cyclins 
in plants still await a full explanation. 

(4) The ppb is central to predicting planes of cell division 
in plant cells and p34 has been shown to bind to ppbs. 
However, we need to know how the ppbs are positioned 
and how gene products that regulate mitotic microtubule 
orientation interact with the cdc kinases. In this respect. 



understanding the role of MAPs and MAP kinases will be 
crucial. 

(5) In biiKhemical terms, the cell cycle is a phosphoryla- 
tion cascade which enables cells to enter mitosis. In 
structural terms, the cell cycle represents a series of 
check-points which ensure that cell size is optimal for 
division. Constitutive expression of the mitotic inducer 
gene cdc25 from fission yeast in tobacco, perturbs vari- 
ous aspects of development and results in reduced cell 
size in the transgenic plants. It seems that cdc25 can alter 
the cell cycle with consequent effects on cell size and on 
development. 

(6) Through its muhitude of check-points, the cell cycle 
not only comprises the sequence of events which pro- 
duces more cells, but probably also imparts a size control 
having an important influence on cell division and devel- 
opment. Understanding the molecular regulation of cell 
size, which in turn will require a clear explanation of the 
function of plant cdc genes, should provide a clearer 
understanding of the relationship between the cell cycle 
and plant development. 
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